Introduction
============

Irritable bowel syndrome (IBS) is a common functional gastrointestinal disorder worldwide. The prevalence of IBS varies from 10% to 20% in different countries.[@b1-jnm-23-453]--[@b3-jnm-23-453] Although IBS poses no risk to life, chronic and recurrent symptoms of IBS greatly influence patients' quality of life.[@b4-jnm-23-453] Visceral hypersensitivity is one of the most important mechanisms of IBS, which is generally considered as a hallmark of IBS.[@b5-jnm-23-453] With lower thresholds for pain as well as increased intensity of sensations, visceral hypersensitivity makes a great contribution to abdominal pain, which is the most predominant and distressing symptom of IBS.[@b6-jnm-23-453]

Diagnosis of visceral hypersensitivity is generally performed with barostat controlled rectal distention.[@b7-jnm-23-453] The feeling and pain thresholds were evaluated. However, it was an independent invasive examination among all the other screening tests for the organic diseases. Therefore, it is meaningful to combine evaluation of visceral hypersensitivity with other screening tests to reduce patient's suffering and expenditure. Since 12.7--32.1% patients with symptoms compatible with IBS exhibited organic gastrointestinal diseases,[@b8-jnm-23-453] colonoscopy is still a valuable test for IBS, especially for patients with alarming symptoms or initial diagnosis. We expected to find a biomarker of visceral hypersensitivity locally expressed in intestinal epithelial cells, which could be tested with biopsies obtained under colonoscopy.

Recent studies have proven that Piezo proteins are important mechanical gated ion channels.[@b9-jnm-23-453] Piezo proteins comprising Piezo1 and Piezo2, are expressed in the cell membrane and the Piezo channels opened following mechanical stimulation.[@b9-jnm-23-453] Unselected positive ions influx causes the change of the membrane potential, and then induces the changes of downstream signaling pathways responding to mechanical stimulation.[@b10-jnm-23-453] Piezo proteins are expressed in different species and tissues conservatively.[@b9-jnm-23-453] Previous studies have shown that Piezo proteins were also expressed in the endothelium of blood vessels and play an important role in endothelial pain.[@b11-jnm-23-453] On the basis that intestinal epithelium cells also live in a complex mechanical microenvironment[@b12-jnm-23-453] as blood vessel endothelium, the question arises - are there any possibilities that Piezo proteins take part in the mechanical stimulation to induce visceral pain in intestinal tract and therefore act as a candidate biomarker of visceral hypersensitivity for IBS?

The aims of our study are: (1) to test the expressions of Piezo1 and Piezo2 in intestinal epithelial cells of different intestinal segments, (2) to compare the expressions of Piezo1 and Piezo2 in mice with and without visceral hypersensitivity, and (3) to explore the correlation between Piezo proteins expression and visceral pain threshold.

Materials and Methods
=====================

Animals
-------

Male NIH mice (6--8 weeks old) were ordered from the Medical Animal Laboratory Center of Guangdong. Mice were raised under specific pathogen-free conditions at the Animal Laboratory Center of Tongji Medical College, Huazhong University of Science and Technology. All experimental procedures were approved by Ethics Committee of the Tongji Medical College.

Model of Visceral Hypersensitivity
----------------------------------

We performed the animal model of visceral hypersensitivity as mentioned previously.[@b13-jnm-23-453] *Trichinella spiralis* were obtained from the Department of Parasitology, Huazhong University of Science and Technology. The colony was maintained in infected Sprague-Dawley rats. We performed a modified technique to obtain the larvae from infected rodents as described by Castro.[@b14-jnm-23-453] *T. spiralis* larvae were counted under a microscope. Each mouse was infected by gavaging of 350 larvae in a 0.2 mL of phosphate-buffered saline.

Study Design
------------

Twenty-two mice were randomly divided into 3 groups: control (n = 6), acute infection group (2 weeks post-infection; n = 8), and post-infection group (8 weeks post-infection; n = 8). To evaluate the model of visceral hypersensitivity, body weight changes, histopathology inflammation scores, and visceral sensitivity assessing were tested. Immunohistochemistry was performed to assure the expression of Piezo proteins in the intestinal epithelial cells. Real-time polymerase chain reaction (PCR) was performed to compare the mRNA transcription of PIEZO1 and PIEZO2 in intestinal epithelial cells of different intestinal segments and to further compare the expressions of Piezo1 and Piezo2 in mice with and without visceral hypersensitivity.

Abdominal Withdrawal Reflex Recording to Colorectal Distention
--------------------------------------------------------------

Colorectal distention was performed as described previously.[@b15-jnm-23-453] Abdominal withdrawal reflex was recorded during plastic balloon inflation to 20, 40, 60, and 80 mmHg. Score scale of the abdominal withdrawal reflex has been described previously. Threshold intensity of colorectal distention was recorded when the stimulus intensity evoked a visually identifiable contraction of the abdominal wall. Colorectal distention was performed in mice for 20 seconds every 4 minutes. Two investigators observed the abdominal withdrawal reflex independently and balloon inflation was done 5 times to achieve an accurate result.

Histopathological Study
-----------------------

Intestinal segments were removed and placed in 4% paraformaldehyde, embedded in paraffin and cut. H&E staining was performed by standard techniques. Inflammation scores of the intestine were graded as described previously[@b16-jnm-23-453]: 1+ mild, infiltration of a limited number of neutrophils in the lamina propria with minimal or no interstitial edema; 2+ moderate, infiltration of a moderate numbers of neutrophils in the lamina propria and moderate interstitial edema; 3+ severe, diffuse infiltration of moderate to large numbers of neutrophils in the lamina propria with severe interstitial edema. Two investigators independently assessed the inflammation scores and the mean of total scores were obtained.

Immunohistochemistry
--------------------

Intestinal segments were removed and placed in 4% paraformaldehyde, embedded in paraffin and cut. Immunohistochemistry was performed by standard techniques. The specimens were blocked with 5% bovine serum albumin and then incubated with rabbit anti-Piezo1 (1:250; Abcam, Cambridge, MA, USA) or rabbit anti-Piezo2 (1:250; Abcam) as the primary antibody overnight at 4°C. After incubation with the appropriate biotinylated secondary antibody for 30 minutes at room temperature, the results were visualized using diaminobenzidine (DAB). The densitometry analysis of immunohistochemical staining was performed using the Image-Pro Plus 6.0 software (Version X; Media Cybernetics, Silver Springs, MD, USA).

Real-time Reverse Transcription Polymerase Chain Reaction
---------------------------------------------------------

Total cellular RNA were extracted from the intestinal segments with Trizol (Gibco, Grand Island, NY, USA) using a standard method according to the manufacturer. An aliquot (μg) of RNA was reverse-transcribed into first-strand complementary DNA (cDNA) as the manufacture's recommendation of Takara Kits (Takara Biomedicals, Tokyo, Japan). Real-time reverse transcriptase polymerase chain reaction (RT-PCR) was carried out with a light cycler using DNA-binding dye SYBERGreen for detection of PCR products. The reaction mixture contained 5 μL of SYBERGreen, 3 μL RNAase free water, 1 μL primer, and 1 μL cDNA to give a final reaction volume of 10 μL. The primer pairs are shown in the tabulated form below ([Table](#t1-jnm-23-453){ref-type="table"}).

Statistical Methods
-------------------

Abdominal withdrawal reflex scores at each pressure of colorectal distention as well as the inflammation scores between control and model groups were expressed as median (interquartile range) and compared with Kruskal-Wallis test. A Wilcoxon rank sum test was performed with a Bonferroni correction at 0.05/3 to correct for multiple comparisons. Other data were expressed as means ± standard errors and compared with *t* test or variance analysis. Pearson's correlation was performed to assess the relationship between expression of Piezos and visceral sensitivity. Statistical analyses were performed using R 2.11.1 software (R Foundation for Statistical Computing, Vienna, Austria). The information is available from URL: <https://www.r-project.org/doc/R-SDLC.pdf> (accessed 7 June, 2017). GraphPad Prism 5 software (GraphPad, Version X; La Jolla, CA, USA) was used for all graph creation. A *P*-value of \<0.05 was considered significant.

Results
=======

Animal Model
------------

Three mice died from *T. spiralis* infection at the first week and one mouse died from abdominal withdrawal reflex recording. Eighteen mice were included in the following experiments (control group, n = 6; acute infection group, n = 6; post-infection group, n = 6). Weight gain of the mice in the infection group was slower than that in the control group. Weights of mice in the infection group and the control group were significantly different (*P* = 0.011) ([Fig. 1A](#f1-jnm-23-453){ref-type="fig"}). As for visceral sensation, mice presented with increased visceral sensation and decreased pain threshold after infection compared with the control group ([Fig. 1B and 1C](#f1-jnm-23-453){ref-type="fig"}). During the acute infection period (2 weeks post-infection), significant increase of abdominal withdrawal reflex scores was observed compared with the control mice for intensities of 20, 40, and 60 mmHg (*P* \< 0.001). Lower pain threshold was shown in mice with acute infection compared with control mice (*P* \< 0.001). However, compared with the control mice, the abdominal withdrawal reflex scores remained at high level relatively (*P* \< 0.001) and the pain threshold was still low (*P* \< 0.001) in mice of the post-infection group (8 weeks post-infection). No significant difference of abdominal withdrawal reflex scores or pain threshold was shown between mice in the acute infection group and the post-infection group. This suggests that all mice with *T. spiralis* infection had visceral hypersensitivity in both the acute infection phase as well as the post-infection phase.

Mucosal Histopathology
----------------------

At the acute infection phase, obvious lesions and inflammation presented in the small intestine ([Fig. 2](#f2-jnm-23-453){ref-type="fig"}) and colon ([Fig. 3](#f3-jnm-23-453){ref-type="fig"}), with severe hyperemia and swelling on macroscopic observation and also severe eosinophilic and neutrophilic infiltration in the lamina propria. Higher inflammation scores were evaluated in both the small intestine (*P* \< 0.001) and colon (*P* \< 0.001) of mice with acute infection (n = 6) compared with the control groups (n = 6). However, the inflammation almost disappeared at the microscopic level in both the small intestine as well as in the colon of mice in the post-infection group (n = 6). Inflammation scores of the small intestine ([Fig. 2](#f2-jnm-23-453){ref-type="fig"}) and colon ([Fig. 3](#f3-jnm-23-453){ref-type="fig"}) in mice of the post-infection group (n = 6) did not differ from controls (n = 6).

Expressions of Piezo Proteins in Intestine
------------------------------------------

As shown in [Figures 4](#f4-jnm-23-453){ref-type="fig"} and [5](#f5-jnm-23-453){ref-type="fig"}, both Piezo1 and Piezo2 are expressed in intestinal epithelial cells. Immunohistochemistry staining and real-time RT-PCR showed that expressions of Piezo1 and Piezo2 were much more abundant in colon rather than small intestine ([Fig. 4E](#f4-jnm-23-453){ref-type="fig"}, [5E](#f5-jnm-23-453){ref-type="fig"}, [6A, and 6B](#f6-jnm-23-453){ref-type="fig"}). We observed the expression of proteins ([Fig. 4F](#f4-jnm-23-453){ref-type="fig"} and [5F](#f5-jnm-23-453){ref-type="fig"}) and mRNA in the small intestine and colon of mice in different groups ([Fig. 6C--F](#f6-jnm-23-453){ref-type="fig"}). In the small intestine, although Piezo1 and Piezo2 were highly expressed in mice with infection, there were no significant differences among the other 3 groups (n = 6 in each group). In the colon, Piezo1 mRNA was expressed more abundantly in mice of the post-infection group rather than that in the acute infection group (*P* = 0.040) or the control group (*P* = 0.017). Results of immunohistochemistry staining showed potential differences without significance. On the other hand, Piezo2 was expressed abundantly in mice of both acute infection group (*P* = 0.034 and 0.019 for mRNA and protein, respectively) and post-infection group (*P* = 0.024 and 0.047 for mRNA and protein, respectively) rather than the controls group (n = 6 in each group) on the level of both mRNA and protein.

Correlation between Piezos and Visceral Sensation
-------------------------------------------------

To explore whether the visceral sensation could be marked with expressions of Piezo1 and Piezo2, the correlation between mRNA expressions of Piezo1/Piezo2 and pain threshold were analyzed ([Fig. 7](#f7-jnm-23-453){ref-type="fig"}). No significant correlation was found between visceral sensitivity with Piezo1 or Piezo2 expression in the small intestine. Although potential negative correlation was established between Piezo1 expressed in the colon and visceral sensitivity, the *P*-value was not significant. However, Piezo2 expressed in the colon showed a close and negative correlation with visceral sensitivity (*r* = −0.718, *P* = 0.001).

Discussion
==========

In this study we observed that the Piezo1 and Piezo2, the newly discovered mechanical gated ion channels were expressed in the intestinal epithelial cells in mice. The expression was more abundant in the colon than in the small intestine. A good correlation was observed between visceral sensitivity and expression of Piezo2 in the colon. It is suggested that Piezo2 might be a candidate biomarker for visceral hypersensitivity. To our knowledge, this is the first study on the relationship between expressions of Piezo proteins and visceral sensation in the gastrointestinal tract. Although the mechanism is unknown, the outcome gave us a new perspective to test visceral sensitivity.

As reported in previous studies, Piezo1 and/or Piezo2 are expressed among different species conservatively.[@b9-jnm-23-453] Considering the electrophysiological characteristics of these ion channels, it was suggested that Piezo1 and Piezo2 might induce the basic mechanical stimulation in development and maturation.[@b9-jnm-23-453] Our study initially proved that Piezo1 and Piezo2 were expressed in the intestinal epithelium cells. Intestinal epithelium cells live in a microenvironment with complex mechanical stimulation.[@b12-jnm-23-453] Therefore, Piezo1 and Piezo2 might play an important role in sensation of mechanical stimulation as well as in the induction for maintaining the normal physiological status of the intestine. Limited studies have been conducted on the relationship between expression of ion channel molecules in the epithelium and sensation. However, increasing evidence has proven that the function of the intestinal epithelium was strongly related to visceral sensation.[@b15-jnm-23-453],[@b17-jnm-23-453],[@b18-jnm-23-453] A recent study has shown that Piezo2 expressed in blood vessel endothelium might induce the sensation of endothelial pain.[@b11-jnm-23-453] It was possible that Piezo1 and Piezo2 played a similar role of sensation in intestinal epithelial cells.

Our study showed that Piezo1 and Piezo2 were expressed more abundantly in the colon than in the small intestine. This was basically consistent with the complexity of microenvironment. In the colon, stool with various characteristics were formed and the microbial flora was more abundant and complicated than in the small intestine.[@b19-jnm-23-453]--[@b22-jnm-23-453] Increasing expression of Piezo1 and Piezo2 might promote the sense to mechanical stimulation and induce the adaptability to changes of the mechanical microenvironment. We did not find any significant correlation between expression of Piezo1 or Piezo2 in the small intestine and visceral sensitivity. This may be because of the limited abundance of the Piezo protein. On the other hand, visceral sensitivity was recorded by the abdominal withdrawal reflex to colorectal distention. No appropriate method was available to test the visceral sensitivity of the small intestine directly. Therefore, their correlation was poor in the small intestine. In the colon, significant correlation was found between expression of Piezo2 and visceral sensitivity. Although not significant, expression of Piezo1 had a potentially negative correlation to visceral sensitivity. In our model of visceral hypersensitivity, mice in the acute infection and post-infection groups had similar visceral sensitivities with almost the same thresholds. However, mice with acute infections had noticeable mucosal inflammation while the mucosa almost returned to normal in mice of the post-infection group. Therefore, the significant correlation between Piezo2 and visceral sensitivity was independent of mucosal inflammation. Recent studies have shown that Piezo2 was highly expressed selectively in enterochromaffin cells of the small intestine, which could sense mechanical stimulation and induce the release of 5-hydroxytryptamine (5-HT).[@b23-jnm-23-453],[@b24-jnm-23-453] Numbers of studies showed that 5-HT played a key role in visceral sensitivity in IBS.[@b5-jnm-23-453],[@b25-jnm-23-453],[@b26-jnm-23-453] Therefore, changes of Piezo2 expression could influence visceral sensitivity via modulation of 5-HT release. This result greatly indicated that Piezo2 was a candidate biomarker for visceral hypersensitivity in colon.

In conclusion, Piezo1 and Piezo2 were expressed in intestinal epithelial cells. Expressions of Piezo1 and Piezo2 were expressed abundantly in the colon than in the small intestine. The expression of Piezo2 in the colon significantly correlated to visceral sensitivity which indicated Piezo2 may act as a candidate biomarker for visceral hypersensitivity in IBS.

We would like to thank our friend, Dr Stuti Sharma for helping us in editing this paper.

**Conflicts of interest:** None.

**Author contributions:** Xiaohua Hou and Jun Song designed the research study; Tao Bai, Wei Qian, Yudong Jiang, and Lei Zhang performed the experiment; Jing Xia and Huan Wang analyzed the data; and Tao Bai drafted the manuscript.

**Financial support:** This study was supported by a grant from The National Natural Science Foundation of China (NSFC) (Grant No. 81070300 and 81200271).

![Weight, abdominal withdrawal reflex scores, and thresholds of control and post-infectious irritable bowel syndrome (PI-IBS) mouse model. (A) Weight of control and PI-IBS mice (\**P* = 0.011). (B) Thresholds of the colorectal distention intensities that evoke abdominal contraction of the mice. Mean ± SEM values were plotted (\**P* \< 0.001). (C) Box plot of abdominal withdrawal reflex scores. Lines represent the median within the box, the 25th and 75th centiles at the ends of the box, and the error bars define the 5th and 95th centiles (\**P* \< 0.001).](jnm-23-453f1){#f1-jnm-23-453}

![Inflammation scores in H&E stained sections of small intestine. (A) H&E stained sections of small intestine from control mice. (B) H&E stained sections of small intestine from mice with acute infection. (C) H&E stained sections of small intestine from mice with post-infection. (D) Inflammation scores. Lines represent the median within the box, the 25th and 75th centiles at the ends of the box, and the error bars define the 5th and 95th centiles. \**P* \< 0.001.](jnm-23-453f2){#f2-jnm-23-453}

![Inflammation scores in H&E stained sections of colon. (A) H&E stained sections of colon from control mice. (B) H&E stained sections of colon from mice with acute infection. (C) H&E stained sections of colon from mice with post-infection. (D) Inflammation scores. Lines represent the median within the box, the 25th and 75th centiles at the ends of the box, and the error bars define the 5th and 95th centiles. \**P* \< 0.001.](jnm-23-453f3){#f3-jnm-23-453}

![Immunohistochemistry staining for Piezo1. (A) Expression of Piezo1 in control group small intestine. (B) Expression of Piezo1 in the colon of mice in control group. (C) Expression of Piezo1 in the colon of mice in acute infection group. (D) Expression of Piezo1 in the colon of mice in post-infection group. (E) Comparison of Piezo1 expression in control group small intestine and colon. (F) Comparison of Piezo1 expression in control, acute infection, and post-infection groups. \**P* \< 0.05.](jnm-23-453f4){#f4-jnm-23-453}

![Immunohistochemistry staining for Piezo2. (A) Expression of Piezo2 in control group small intestine. (B) Expression of Piezo2 in the colon of mice in control group. (C) Expression of Piezo2 in the colon of mice in acute infection group. (D) Expression of Piezo2 in the colon of mice in post-infection group. (E) Comparison of Piezo2 expression in control group small intestine and colon. (F) Comparison of Piezo2 expression in control, acute infection, and post-infection groups. \**P* \< 0.05.](jnm-23-453f5){#f5-jnm-23-453}

![Relative expression of Piezo1 and Piezo2. (A) Relative expression of Piezo1 in control group small intestine and colon. (B) Relative expression of Piezo2 in control group small intestine and colon. (C) Relative expression of Piezo1 in small intestine of mice in control, acute infection, and post-infection groups. (D) Relative expression of Piezo2 in small intestine of mice in control, acute infection, and post-infection groups. (E) Relative expression of Piezo1 in colon of mice in control, acute infection, and post-infection groups. (F) Relative expression of Piezo2 in colon of mice in control, acute infection, and post-infection groups. \**P* \< 0.05.](jnm-23-453f6){#f6-jnm-23-453}

![Correlation between visceral sensation and expression of Piezo1 and Piezo2. (A) Correlation between visceral sensation and expression of Piezo1 in small intestine samples from mice in control group, acute infection group, and post-infection group. (B) Correlation between visceral sensation and expression of Piezo1 in the colon samples from mice in control group, acute infection group, and post-infection group. (C) Correlation between visceral sensation and expression of Piezo2 in the small intestine samples from mice in control group, acute infection group, and post-infection group. (D) Correlation between visceral sensation and expression of Piezo2 in the colon samples from mice in control group, acute infection group, and post-infection group.](jnm-23-453f7){#f7-jnm-23-453}

###### 

Primer Pairs

  Gene                Sequence (5′-3′)
  --------- --------- -------------------------
  Piezo1    Forward   TCATCATCCTTAACCACATGGTG
            Reverse   TGAAGACGATAGCTGTCATCCA
  Piezo2    Forward   GTGGTATGCAACCCAGTACCC
            Reverse   GGCCATTCTCTATGGGCAGG
  β-actin   Forward   TGTTACCAACTGGGACGACA
            Reverse   CTGGGTCATCTTTTCACGGT
